Large variations in offspring sex ratio have been reported in Mytilus mussels, which show doubly uniparental inheritance of mitochondria (DUI). Here, we reanalyzed the published sex ratio data, using simple population genetics concepts and logistic regression. Contrary to previous studies that detected only maternal effects, we found both paternal and maternal effects on the offspring sex ratio. We propose that sex in Mytilus is controlled by a pair of nuclear sex ratio alleles expressed in the mother and by minor sex-determining genes inherited from the father and also possibly from the mother.
Many bivalves have 2 types of mitochondria: F mitochondria (with an F-type mitochondrial [mt] genome) are inherited from the mother by both sons and daughters, similar to "normal" mitochondria; and M mitochondria (with an M-type mt genome) are typically inherited from the father by only sons (Skibinski et al. 1994; Zouros et al. 1994a Zouros et al. , 1994b ; but see Obata et al. [2006 Obata et al. [ , 2007 and Chakrabarti et al. [2007] ). Since the discovery of this doubly uniparental inheritance (DUI) of the mitochondrial system in Mytilus, mytilids (Class: Bivalvia, Order: Mytiloida, Family: Mytilidae) have become one of the groups of bivalves that possess this remarkable mitochondrial transmission system to be most extensively studied (reviewed in Zouros 2000 Zouros , 2012 Breton et al. 2007) .
Also remarkably, large variations in offspring sex ratio have been demonstrated in 3 species of Mytilus mussels (M. edulis, M. galloprovincialis, and M. trossulus) (Zouros et al. 1994a (Zouros et al. , 1994b Saavedra et al. 1997; Kenchington et al. 2002 Kenchington et al. , 2009 . A relationship among DUI, sex determination and sex ratio variation is suggested based on 4 lines of evidence. First, bivalve species with DUI do not possess heteromorphic sex chromosomes but there is a close association between sex and type of mitochondria, that is, females have F and males have both M and F mitochondria (Fisher and Skibinski 1990; Zouros et al. 1994a Zouros et al. , 1994b Breton et al. 2007 ; but see Kenchington et al., 2009 , for exceptions in interspecific hybrids and triploids). Second, M mitochondria behave "selfishly" during embryogenesis, by aggregating in the germ line in future male embryos, whereas they are dispersed (and subsequently lost) in future female embryos (Cao et al. 2004; Cogswell et al. 2006) . Because M mitochondria are transmitted from father to son, such aggregating behavior enhances the chance of being inherited in subsequent generations. Third, both the M and F mt genomes have unique genes that could function in sex determination (Breton et al. 2007 (Breton et al. , 2011 . Fourth, in freshwater mussels (Bivalvia: Unionoida), species with separate male and female sexes have DUI but hermaphroditic species lack paternal mitochondria and M mt genomes (Breton et al. 2011) .
To date, several genetic models of DUI and sex determination have been proposed in Mytilus (Saavedra et al. 1997; Zouros 2000 Zouros , 2012 Kenchington et al. 2002 Kenchington et al. , 2009 . As these models aim to explain almost all known phenomena concerning both DUI and sex determination, many genetic factors are hypothesized to be involved (e.g., w, x, y, z, s loci in Kenchington et al. 2009 ). Nevertheless, these models all have in common the suggestion that offspring sex is ultimately controlled only by a pair of nuclear genes expressed in the mother. However, other factors might be needed to explain the large variation in offspring sex ratios (Yusa 2007a (Yusa , 2007b .
Here, we seek the simplest possible model for the genetics of sex ratio variation, to obtain insights into the evolutionary dynamics of sex determination in bivalves with DUI, by reanalyzing the published results of crossing experiments and sex ratio data in Mytilus spp. (Saavedra et al. 1997; Kenchington et al. 2002) using population genetics concepts (Falconer 1989 ) and logistic regression (Agresti 2002; Wilson and Hardy 2002) . Logistic regression has been chosen because it generally has a greater statistical power than ANOVA, which was used in the original Mytilus studies, for analyses of sex ratio variation (Wilson and Hardy 2002) .
Materials and Methods
We used the sex ratio data in the studies by Saavedra et al. (1997) and Kenchington et al. (2002) as they are the only studies reporting results of experiments with nearly random crosses on sex ratio using diploid nonhybrid individuals. Saavedra et al. (1997) fully crossed 5 female and 5 male individuals from a field population of M. galloprovincialis to produce 24 broods (one brood was lost accidentally). Kenchington et al. (2002) produced 31 broods by crossing wild-caught male and female M. edulis. Kenchington et al. (2002) also produced 49 broods in a pedigreed experiment. In both studies, over 30 offspring per brood were sexed, on average, in each experiment. We did not consider sex ratio variation in interspecific crosses and triploids (Kenchington et al. 2009 ) as they could produce unusual sex ratios due to interfering factors, such as ancient sex-driving genes, which are masked by their suppressors in normal intraspecific diploid crosses (Burt and Trivers 2006; Breton et al. 2011) .
Logistic regression (= generalized linear model with binomial errors and logit link) was used as a statistical test, which has proven to be very useful for analyses of sex ratio variation (Wilson and Hardy 2002) . Indeed, logistic regression generally has a greater statistical power than ANOVA because each offspring, rather than each brood, can be used as a datum point (Wilson and Hardy 2002) . In addition, it is robust against unbalanced data (e.g., variable brood sizes). In logistic regression, the dependent variable is always categorical (male or female in this study ; Agresti 2002; Wilson and Hardy 2002) . Independent variables may be either categorical or continuous, and we used categorical variables in this study (mother's identification number [ID] and father's ID, or grandparents' ID). All analyses were conducted using JMP version 8 (SAS Institute, Cary, NC) and there was no evidence of overdispersion in the data.
Results
Histograms of offspring sex ratios ( Figure 1 ) clearly indicate that there are 2 distinct groups of broods in the studies of both Saavedra et al. (1997) and Kenchington et al. (2002) : one group contains highly variable proportions of male offspring (20-100%) with a single peak (here termed as "son-present" broods, corresponding to "son-bearing" in Saavedra et al. [1997] ), whereas the other group contains no or few males (less than 15%, termed "sonless" broods as in Saavedra et al. [1997] ). The proportions of "sonless" broods were as follows: 25% (6/24) in Saavedra et al. (1997;  Figure 1A ), 29% (14/49) in table 1 of Kenchington et al. (2002; Figure 1B) , and 42% (13/31) in table 3 of Kenchington et al. (2002;  Figure 1C ). The former 2 proportions were significantly different from 1:1 (binomial test, P < 0.05), but none of these was significantly different from 1:3 (all P > 0.05).
Contrary to the studies of both Saavedra et al. (1997) and Kenchington et al. (2002) , which showed that the degree of sex ratio bias is a property of the female parent, our reanalyses of their results indicate that both female and male parents affected the overall offspring sex ratio (Table 1A ), indicating that the brood sex ratio is under biparental control. Then, the parents could control 1) whether the whole brood became "sonless" or "son-present" or 2) the variation in sex ratio within "sonless" or "son-present" broods, or both. Thus, when the effect of each parent on whether the brood became "sonless" or not was analyzed (Table 1B) , both mothers and fathers had a significant effect in the data of Saavedra et al. (1997) , whereas only mothers had a significant effect in the data of Kenchington et al. (2002) . The significant effect of fathers in the data of Saavedra et al. seems to be due to one particular cross (F53 × M54) that had the highest sex ratio (8% of males) among "sonless" broods (0-7% of males). When we transferred this cross to "son-present" broods, the effect of fathers became nonsignificant (data in parentheses in Table 1B) .
When the effect of each parent on sex ratio variation in "son-present" broods was investigated (Table 1C) , the effect of mothers was significant, whereas the effect of fathers did not reach a significant level for the data of Saavedra et al.. When we included the "sonless" brood with the highest sex ratio in the "son-present" group (see the previous paragraph), the effect of fathers on sex ratio variation in "sonpresent" broods became significant (Table 1C) . For the data of Kenchington et al., the effect of mothers on sex ratio variation in "son-present" broods was not significant, whereas the effect of fathers was significant (Table 1C) . No effects of parents on offspring sex ratios in "sonless" broods were detected for the data of either Saavedra et al. or Kenchington et al. (Table 1D ).
The pedigreed experiments by Kenchington et al. (2002) allowed us to test grandparents' effects on whether the brood became "sonless" or "son-present". The effect of maternal grandparents was significant (degrees of freedom, df = 1, likelihood χ 2 = 57.01, P < 0.0001) as was the effect of paternal grandparents (df = 1, likelihood χ 2 = 12.08, P = 0.0005). Although the effect of paternal grandparents contradicts the possible lack of effect of fathers on whether the brood became "sonless" or not, this effect appears to be an artifact due to unbalanced crosses. Although 2 pairs of paternal grandparents were used, 2 of 7 "son-present" females (Mothers A and E in table 1 of the study by Kenchington et al.) were mated with sons of one grandparent pair only (90wf7 × 90wm7). On the other hand, one of 3 "sonless" females (Mother D) was mated with a son of the other grandparent pair only (90wf5 × 90wm5). These resulted in higher sex ratios for the grandparent pair 90wf7 × 90wm7 and lower sex ratios for 90wf5 × 90wm5; further, these appear to have contributed to the significant effect of paternal grandparents.
Discussion
Our reanalyses of the original studies on sex ratio variation in Mytilus not only confirm some of the original conclusions but also reveal novel patterns. First, the overall effects of parents and grandparents on the offspring sex ratio support the conclusion of the original studies (Saavedra et al. 1997; Kenchington et al. 2002 ) that genetic factors influence sex ratio variation in Mytilus. Recently, a similar genetic variation in sex ratio was reported in the Manila clam Ruditapes philippinarum, a marine bivalve with the DUI system (Ghiselli et al. 2012) . Such genetic factors can be either sex ratio genes or sex-determining genes (Werren and Beukeboom 1998; Burt and Trivers 2006) . Sex ratio genes are those expressed in the parent that affect offspring sex ratios, such as X-chromosomedriven genes in Drosophila (Stouthamer et al. 2002) . Sexdetermining genes are those expressed in the zygote and that determine the zygote's own sex. Another important distinction is whether the genetic factors are nuclear or cytoplasmic. Known cytoplasmic sex factors include cytoplasmic male sterility genes, encoded by some angiosperm mitochondrial genomes and the symbiotic intracellular bacterium Wolbachia, which is found in various arthropods (Stouthamer et al. 2002; Burt and Trivers 2006) . In the following paragraphs, we discuss the possible genetic factors involved in sex ratio variation and sex determination in Mytilus.
The 2 distinct peaks in brood sex ratios and nearly 1:3 segregation ratios suggest that becoming the "sonless" or "son-present" brood is likely to be controlled by a pair of major nuclear alleles, with "sonless" (hypothesized genotype: w 2 w 2 ) being recessive to "son-present" (w 1 w 1 and w 1 w 2 ). Because mothers rather than fathers controlled this trait, the relevant genes are probably sex ratio genes expressed in the mother rather than sex-determining genes expressed in the offspring. The involvement of a pair of nuclear alleles expressed in the mother is consistent with the previous conclusions of Saavedra et al. (1997) and Kenchington et al. (2002) , as well as the recent models proposed by Kenchington et al. (2009) and Zouros (2012) for Mytilus, and also Ghiselli et al. (2012) for the Manila clam.
However, our reanalyses of the data of both Saavedra et al. (1997) and Kenchington et al. (2002) also indicate a rather clear paternal effect on the overall sex ratio of the offspring (Table 1) . Such an effect has been overlooked in the original studies but could be detected in our reanalyses due to the greater statistical power of logistic regression. Specifically, fathers affected sex ratio in "son-present" broods but were less likely to affect whether the brood became "sonless" or "son-present". Thus, paternal factors are likely to be minor sex-determining genes expressed in the offspring rather than major sex ratio genes expressed in the father. The involvement of minor sex ratio genes expressed in the father is logically possible, but less likely, because the paternal effects were detected only in a portion of the offspring. (table 3 in Kenchington et al. 2002) . The average of the brood sex ratios was 46.3% in (A), 49.7% in (B), and 46.3% in (C).
There was also a maternal effect on the offspring sex ratio in "son-present" broods in the data of Saavedra et al.. Although the hypothesized 2 genotypes (w 1 w 1 and w 1 w 2 ) in the mothers of "son-present" broods might explain the maternal effect (i.e., w 1 is incompletely dominant over w 2 ), the large variations with a single peak in "son-present" broods are difficult to explain by hypothesizing only 2 genotypes in the mother (see Yusa, 2007b , for a similar example). Thus, we suggest the involvement of another set of sex-determining genes, inherited from the mother, as a working hypothesis. However, because a maternal effect was not detected in the data of Kenchington et al., additional unbiased crosses are needed to conclude whether such maternally inherited sexdetermining genes really exist.
The existing evidence does not allow us to determine whether these sex-determining genes are nuclear or cytoplasmic, but the paternally inherited factors could be in the M mitochondria, considering the apparent selfish behavior of M mitochondria in future male embryos (Cao et al. 2004; Cogswell et al. 2006 ) and the reported presence of M-specific mt sequences in bivalves, some of which could act as sexdetermining genes (Breton et al. 2007 (Breton et al. , 2011 . Similarly, the putative maternally inherited sex-determining genes could be in the F mitochondria; however, this is less likely because the behavior of F mitochondria during embryogenesis is not so "selfish" (Cao et al. 2004; Cogswell et al. 2006) .
The presence of sex-determining genes in the M mt genome is also suggested by theory. Because M mitochondria are transmitted from father to son, any mutation on the M mt DNA that produces male-biased offspring will increase its own copy number in the following generations (i.e., selfish genetic element; Burt and Trivers 2006) . As male-biased population sex ratio is disadvantageous to the nuclear genome (and also to the F mt DNA), a new mutation will evolve that partly suppresses the effect of the mutant M and reverts the average sex ratios to 1:1, by frequency-dependent selection (Fisher 1930) . Because there appears to be no a priori mechanisms that ensure 1:1 sex ratios in Mytilus (such as X-Y sex determination), the average sex ratios of 1:1 in these mussels could have resulted from historical conflicts of interest (see Passamonti and Ghiselli 2009 ). Specifically, the nuclear genome could utilize the tendencies of biasing sex ratio by M and/or F mt DNAs to produce sex ratio variations under 1:1 population sex ratios. For instance, in organisms with strict maternal inheritance of mitochondria, mothers with inferior mitochondria could produce more sons than daughters because sons will not transmit their mitochondria to their descendants (Matessi and Saino 2003) . This idea is a variant of Trivers and Willard's (1973) theory concerning parental sex ratio control, in which mothers overproduce offspring of one sex having a higher future fitness in relation to the other sex under some conditions (and vice versa under some other conditions). Thus, mothers with superior mitochondria will overproduce females (who will transmit their mitochondria) and those with inferior mitochondria will overproduce sons (who will not transmit mitochondria). Under the DUI system, fathers with superior M mitochondria might overproduce sons in relation to daughters compared with fathers having inferior M mitochondria. The superiority could be in terms of respiratory functions but might also be in terms of greater success of being inherited by biasing sex ratios. In other words, the nuclear genome could utilize the sex-ratiobiasing tendencies of M and F mt genomes as long as 1:1 population sex ratios are secured. In summary, our model of sex determination in Mytilus spp. is shown in Figure 2 . We propose that sex is controlled by a pair of major sex ratio alleles expressed in the mother and minor sex-determining genes inherited from the father and also possibly from the mother. Such sex-determining genes are more likely on the M mt genome and less likely on the F genome. Sex determination by the interactions between nuclear and mt DNA genes is also suggested by Skibinski et al. (1994) . Our reanalysis contains uncertainty stemming from a limited number of crosses in the published studies. More thorough crossing experiments are needed to fully elucidate the mode of sex determination in Mytilus. Utilization of hermaphrodites (which have both M and F mt genomes and occur at low proportions; Saavedra et al. 1997) might also be worth considering. For instance, we can obtain 2 broods by crossing 2 hermaphroditic individuals, one acting as a sperm donor and the other as an egg donor, and then vice versa. These 2 broods have common nuclear genomes inherited from the same parents, but they have different M and F mt genomes. Using such and other crosses, we might be able to distinguish the roles of nuclear and the M and F mt genomes. In addition, other bivalve species, preferably with relatively short life spans, direct development, and high survival rates under rearing conditions, should also be studied as model systems to better understand the genetics underlying DUI and sex determination (Ghiselli et al. 2012; Zouros 2012) , and ultimately, the evolution of sexdetermining systems in general. Figure 2 . A population genetics model on sex determination in Mytilus spp. Sex is determined by 3 different loci. First, a pair of nuclear sex ratio alleles (w 1 and w 2 ) expressed in the mother determine whether her brood will be "son-present" (if the genotype of the mother is w 1 w 1 or w 1 w 2 ) or "sonless" (w 2 w 2 ). Second, a set of sex-determining genes (y 1 , y 2 , and so on), inherited from the father and expressed in the offspring, affect its own sex. These y factors could be mitochondrial. Third, another set of sex-determining genes (x 1 , x 2 , and so on), inherited from the mother, could also affect the offspring's sex.
